Starch-based foamed materials were processed with extrusion-cooking. Potato starch was used as a basic raw material. Plastronfoam PDE and poly(vinyl) alcohol were added in the amount of 1, 2, and 3% of starch mass. Directly expanded foams were produced with the extrusion-cooking process at 80-110°C with 19% of initial moisture of blends. The processing was carried out at 100 and 130 rpm with two types of forming dies: round and ring of 3 and 5 mm of internal diameter, respectively. The obtained foams were put to cutting test to evaluate the durability of samples expressed in the maximum force needed to break the sample. The increasing amount of additives had a different influence on the foams' hardness. Plastronfoam PDE lowered the cutting force of foams independently of the screw speed and forming die applied. An opposite trend was observed when poly(vinyl) alcohol was used as an additive. The samples shaped with the round forming die exhibited a higher hardness and better durability than the foams shaped with a ring die. The results could be helpful in management of optimum composition and treatment conditions to achieve desirable and sustainable products with desired properties.
INTRODUCTION
Polymer foams are polymers with bubble pores but are also known as materials with a reticulated structure (Mittal 2013; Pu et al. 2017; Zhang and Li 2000) . Such foams are usually made from conventional polymers, such as polyethylene (PE), polypropylene (P), polystyrene (PS), polycarbonate (PC), hard poly(vinyl) chloride (PVC) with some foaming agents added as powders, liquids or gas (Peisheng and Guo-Feng 2014; Siva et al. 2017; Wu and Xu 2002) . Due to their cellular structure, foamed materials are very popular across industries, such as the building and construction, cooling and freezing, and, mostly, packaging industry. They are resistant to heat and cold and, most importantly, to mechanical damage. Foamed loose fillers, next to film and rigid forms, are widely used for packaging (Machade et al. 2017; Zhou et al. 2006 ). Due to the limited resources of petroleum and stricter environmental requirements, polymers, including foamed materials, need to be replaced by environmentally friendly composites with some addition of renewable plant materials (Bhatnagar and Hanna 1996; Bryśkiewicz et al. 2016; Wójtowicz et al. 2009; Zhang and Sun 2007) . Intensive research has been going on for many years to find natural renewable raw materials for biopolymers as sustainable solution. Starch-based biopolymers have been found suitable for various applications, such as packaging materials and fillers, and are the prevailing group of biodegradable materials available on the market (Gáspár et al. 2005; Mitrus et al. 2009; Patel et al. 2005 ). There are many methods suitable for the processing of biopolymers and, among bioreactors, the extrusion and reactive extrusion can be applied. The extrusion of porous materials gives the material a specific two-phase structure based on plant polymer chains and gas where small gas bubbles are evenly distributed in the internal structure (Garbacz and Tor 2007, Gendron 2004; Peng et al. 2016) . Plant starches (potato, maize, wheat, tapioca) are the most promising biopolymers as they fit various biodegradable thermoplastic material applications (Cunningham et al. 1991; Combrzyński et al. 2015 ; Mitrus and Moscicki 2014; Wang et al. 2005) . Biopolymers, such as starch and cellulose, are suitable for composting and decomposition in the soil without generating any waste. So, these raw materials are sustainable both as renewable and environmentally friendly. Much effort has been taken to investigate the options of improvement of the physical, mechanical and functional properties of biopolymers aimed to find the proper quality of final products (Cha et al. 2001; Lui and Peng 2005; Mitrus et al. 2016) . The aim of the study was to determine selected physical properties of extruded starch-based foamed materials processed using a single screw extrusion-cooker with the addition of selected functional components.
MATERIALS AND METHODS
Potato starch (purchased from PEPEES S.A., Łomża, Poland) was used as the basic raw material. Plastronfoam PDE and poly(vinyl) alcohol AP in the amount of 1-3% were used as additives. The ready blends of potato starch and additives were moistened with a proper amount of water to reach the target blend moisture of 19%. The extrusion-cooking process was performed with the single screw extruder TS-45 (Metalchem, Gliwice, Poland) with the configuration of L/D = 12:1 and the compression ratio of 3:1. The processing temperature ranged from 80 to 110°C and two screw speeds were used: 100 and 130 rpm. Two types of forming dies were applied as shapers: a round die with the diameter of 3 mm (M1) and a ring die with the internal diameter of 5 mm (M2). The produced samples were dried at 40°C for several hours to reach the final moisture content of 6% of snacks. A cutting test was used to evaluate the hardness of obtained foams. The universal testing machine Zwick BDO-FB0.5TH (Zwick GmbH & Co., Ulm, Germany) was used according to the method proposed by Jin et al. (1995) with some minor modifications. A 20 mm-long sample was cut on the testing table at an angle of 90° with a cutting knife. The cutting force (Fmax) was measured with a Warner-Bratzler steel blade with the test speed of 8.33 mm . s -1 ; the initial force was set at 0.1 N. Force-displacement curves were recorded and analyzed with the testXpertIIv3.3 software based on the data from 10 replications. Statistica (version 6.0, USA) was used for the analysis of the results.
RESULTS AND DISCUSSION
Some extrusion-cooking processing parameters, as the temperature, screw speed, feeding rate and the moisture content as well as the rheological characteristics of starch, have an effect on product density, expansion, and many other physical properties, including the hardness of foamed loose extrudates (Nabar and Narayan 2006). The measurement of resistance to break is one of the most important features of foamed materials because of their application as protective fillers for sensitive products. The additives used in the experiment revealed various durability qualities of the tested foams.
The effect of cutting force on starch-based foams processed, with the addition of Plastronfoam PDE, are presented in Fig. 1 . An increased amount of this additive lowered the cutting force results independently of the screw speed and forming die applied. The samples processed with the application of a ring forming die demonstrated higher resistance to cutting than the samples shaped with a round die. The cutting force in the ring-shaped foams was at least twice as high as in the round-shaped samples (Fig. 1a) .
Significantly lower cutting force values were reported for foams with the addition of Plastronform PDE compared with the control samples processed without any additives. Correlation coefficients showed diverse dependencies depending on the shape of the forming die and the screw speed applied during processing. Fig. 1b shows the results of the applied cutting force on foams shaped at screw speed of 130 rpm with round M1 and ring M2 forming dies. The highest correlation was observed when the M1 die was used and the processing screw speed was set at 100 rpm (R2=0.994) and when the M2 forming die was used at the speed of 130 rpm (R2=0.98).
A different trend was observed when poly(vinyl) alcohol was applied as an additive. An increased amount of the additive in blends raised the value of cutting forces (Fig. 2) . Higher values of Fmax were reported for samples processed with poly(vinyl) alcohol v. the control samples. Additionally, the shape of the forming die had a significant effect on the sample's hardness (Fig. 2a) . A more rapid increase of hardness with the addition of poly(vinyl) alcohol was observed when the speed of 130 rpm instead of 100 rpm was applied during the processing (Fig. 2b) , especially when the ring forming die was used for shaping. A significant effect on hardness (p-value=0.000) was observed after the increasing of the quantity of poly(vinyl) alcohol coupled with positive correlation coefficients (R 2 =0.999 and 0.992, for M1 and M2, respectively) when processed at 100 rpm. Similarly, a positive effect was reported when the speed of 130 rpm was applied during the processing with the correlation coefficients of 0.976 when shaped with the M1 die and 0.967 when the M2 ring die was used. 
CONCLUSIONS
Potato starch with selected additives enables the production of foamed starch-based loose fill materials with different characteristics. The addition of Plastronfoam PDE lowered the maximum force needed to break the sample. An opposite trend was observed when poly(vinyl) alcohol was applied. The samples with this additive showed greater hardness and higher durability of foams as the amount of the additive was increasing. The results regarding the durability and resistance of foam to break can be useful in selecting the proper processing conditions to obtain starch-based biopolymer foams with the desired properties. Starch-based biopolymers could be a sustainable solution to waste management issues compared with conventional polymers which are becoming an environmental protection challenge. This makes the extrusion-cooking a suitable technique for the sustainable use of plant raw materials -among them environmentally friendly foam products.
